Brain metabolic changes in young vs aged rats during hypoxia.
and neuropathology of cerebral "anoxic-ischemic" cell change. SEVERAL CHANGES HAVE BEEN REPORTED in brain energy metabolism with aging. Both cerebral blood flow (CBF) and cerebral oxygen metabolism (CMRO 2 ) have been reported to decrease in old subjects.'" 3 Other reports indicate no significant change in CMRO 2 in the aged but instead have shown a decrease in cerebral glucose metabolism (CMRgl). 45 Changes in brain metabolism with aging may not only affect energy utilization under resting conditions but may also alter the subject's ability to respond to hypoxicischemic challenges which may occur during stroke. Reports indicate that aged subjects have less capacity to respond to these challenges and have a higher incidence of mortality. 67 The increased susceptibility of aged subjects to stroke may be due to a decrease in brain energy reserve. Ulfert, et al 8 have reported that brain ATP and phosphocreatine concentrations are decreased as a function of aging. Such a change would decrease the amount of energy reserve available during hypoxic or ischemic challenges and increase the risk of brain damage during stroke. Since brain glucose oxidation is the primary mechanism to maintain the brain energy state, it is likely that changes in brain glucose metabolism may also play a role in the increased susceptibility of aged subjects to stroke. In order to evalu-ate brain metabolic changes which may occur during aging we have measured brain energy states and metabolites of glycolysis and the citric acid cycle in young and old rats under control and hypoxic-ischemia test conditions.
Methods
Male F-344 Rats, aged 6 months and 28 months were used in these experiments. These age groups correspond to a young adult and a senescent aged rat respectively. Rats were anesthetized with halothane, tracheostomized and artificially ventilated with 1% halothane in 69.5% nitrous oxide, 29.5% oxygen for surgically procedures. Heparinized saline filled catheters were inserted into the right femoral artery for measurement of arterial blood pressure and to obtain arterial blood samples. A catheter was also inserted into the femoral vein for infusion of fluids. The right common carotid was dissected free from the cervical sympathetic and vagus nerves and ligated. The skull was exposed and a funnel was fixed over it, to be used later for freezing the brain. Following the completion of all surgery, the rat was allowed to stabilize while being ventilated with 70% nitrous oxide, 30% oxygen. Blood gas tensions were measured using an IL 1303 blood gas analyzer. Arterial PCO 2 was adjusted to 35-40 mm Hg. Body temperature was measured with a Yellow Springs thermistor probe and maintained at 37°C using overhead heat lamps. At the end of the 45 minute stabilization period, young and aged rats were subjected to either normoxic or hypoxic test conditions. Hypoxia was induced by substituting oxygen with nitrogen in the inspired gases to produce a PaO 2 of approximately 25 mm Hg. PaCO 2 was maintained at 35^10 mm Hg by adding CO 2 to the inspired gases. Normoxia or hypoxia was maintained in each rat for 7 minutes. Arterial blood gases were then obtained from the arterial catheter and the brain frozen by pouring liquid nitrogen into the funnel. Brain samples (200 mg) were then chiseled out from the right and left fronto-parietal cortex and stored at -80° C for subsequent measurement of metabolites.
Brain samples were prepared and extracted with hydrochloric acid-methanol at -30° C according to previously reported methods. 10 The extracts were analyzed for brain metabolites using enzymatic fluorometric methods.
10 " 13 Energy charge (EC) was calculated from ATP, ADP and AMP concentrations according to Atkinson. 14 Data are reported as mean ±SE. Statistical comparisons were made between age groups and normoxic and hypoxic test conditions using a two-way analysis of variance. Individual means were compared using independent t-tests.
Results
As shown in table 1, young and aged rats had similar blood pressure and blood gases under normoxic conditions. Similar degrees of hypoxia, as judged by PaO 2 , were produced in young and aged rats during the test procedures. Blood pressure decreased slightly but nonsignificantly (p > 0.10) in both age groups compared to normoxic controls and was not different between young and aged in either test condition (p > 0.10). PaCO 2 was maintained constant in young and aged rats during both normoxic and hypoxic test conditions. During normoxia there was no significant differ-ence in brain tissue PCr or EC between young and old rats (table 2). There was also no difference in brain energy levels between ligated and unligated cerebral hemispheres in young and aged normoxic rats. PCr and EC decreased significantly during hypoxia in young and aged rats compared to their age matched normoxic controls. Brain energy state, as indicated by EC, was decreased more during hypoxia in the cerebral hemisphere ipsilateral to carotid ligation in aged rats and decreased more in aged than in younger rats. Brain lactate/pyruvate ratios were similar between young and aged rats during normoxia and increased more in aged rats during hypoxia, suggesting a greater degree of anerobic glycolysis in the older group under hypoxic/ischemic test conditions. The concentrations of brain tissue metabolites are shown in table 3. Compared to young animals, aged rats showed lower glycogen, glucose, glucose-6-phosphate (G6P) and a-ketoglutarate (a-KG) and increased fructose-6-phosphate (F6P) and pyruvate tissue concentrations during normoxia. Carotid ligation produced little effect in metabolite concentrations in normoxic rats of either age group. In young rats, hypoxia decreased brain levels of glycogen, glucose and a-KG while G6P, F6P and pyruvate increased. These changes were similar in both ligated and unligated cerebral hemispheres. Aged rats showed greater differences in tissue concentrations of glucose, glycogen, G6P, F6P, and a-KG in ligated vs unligated cerebral hemispheres during hypoxia compared to younger animals, suggesting that carotid ligation produced a greater effect in the older rats during hypoxia.
Discussion
Normoxic aged rats in these studies showed significantly lower levels of brain tissue glucose, glycogen, G6P and a-KG compared to control young rats. These differences in metabolite concentrations may relate to the decrease in cerebral glucose metabolism which has been reported in aged compared to younger subjects. 5 -" However, the suggested changes in glycolytic metabolism had no effect on the ability of old rats to maintain brain energy state under normoxic test conditions. Aged rats did show greater decreases in brain energy state during hypoxia and greater increases in lactate/pyruvate ratios than young rats. These changes were particularly severe in the cerebral hemisphere ipsilateral to carotid ligation (hypoxic/ischemia). The changes in brain energy state were accompanied by significant differences in glycolytic metabolites. Brain tissue glucose concentrations were slightly decreased during hypoxia in both cerebral hemispheres of young rats while aged rats showed an increase in tissue glucose contralateral to carotid ligation. The increase in tissue glucose concentration of aged but not young rats may correlate with blood glucose levels which, unfortunately, were not measured here or to a greater depression in glucose metabolism in aged rats during hypoxia.
G6P, F6P and pyruvate concentrations were higher in young rats during hypoxia and there was little difference between ligated and unligated cerebral hemispheres. These substrates were also increased in aged rats during hypoxia but ligated tissues showed significant decreases compared to unligated hemispheres. These data agree with the conclusions of others that this model is one primarily of hypoxia since CBF is elevated in both ligated and unligated cerebral tissues during hypoxia and carbohydrate substrates are maintained or increased rather than depleted. 16 ' 7 Our results also suggest that relative ischemia may be more apparent in the ligated cerebral tissues of hypoxic aged rats. This is indicated by significantly greater depletion of metabolites compared to the unligated side. This suggestion is supported by previous reports of attenuated CBF increases in aged rats during hypoxic/ischemia. 9 However, the role of cerebrovascular differences in producing greater metabolic deficits in the aged rat can only be suggested since CBF measurements were not made. Other factors not measured in these studies may also contribute to the differences in energy metabolism between young and aged.
During hypoxia both young and aged rats showed increased in G6P, F6P and pyruvate and decreased a-KG concentrations, suggesting a decreased in pyruvate oxidation.
18
- 19 Salford and Siesjo, 16 saw a similar pattern of substrate changes during hypoxia combined with carotid ligation and concluded that the derangement in energy metabolism was due to cellular hypoxia exaggerated by relative ischemia. It was also suggested that the lactic acidosis produced by hypoxic/ischemia may be a major factor contributing to the neuronal damage which is induced by this model. This may provide a clue to why aged subjects are more susceptible to irreversible neuronal damage during stroke. Aged rats showed consistently higher lactate concentrations than young rats during hypoxic/ischemia. In conclusion, results presented here show that during normoxia glycolytic metabolite concentrations are decreased in aged rats, consistent with reported decreases in CMRgl. At the same time, brain energy state was not different between young and old animals. This indicates that differences in energy state do not explain the suggested increase in susceptibility of aged subjects to stroke and hypoxic/ischemic challenges. Aged rats did show significantly greater depletion of glycolytic metabolites, decreases in brain energy state and increases in lactate during hypoxic/ischemia, suggesting that oxygenation of these tissues was restricted to a greater degree.
